Introduction
============

Acute promyelocytic leukemia (APL) accounts for approximately 10-15% of acute myeloid leukemia (AML) [@B1]. APL is characterized by a chromosomal t(15;17) translocation, which forms the oncogenic PML-RARA fusion protein. Clinically, all-trans retinoic acid (ATRA) and arsenic trioxide (ATO) have been useful for curing the great majority of patients with APL [@B2], [@B3]. However, 10-30% of APL patients are not sensitive to ATRA and ATO [@B4]. Thus, APL remains a challenging disease to treat and urgently requires new therapeutic strategies.

Retinoid X receptors (RXR) are common heterodimerization partners for many nuclear receptors (NRs), and therefore control a variety of physiological processes. The loss of RXRα is lethal during fetal development due to hypoplasia of the myocardium [@B5]. Several RXR agonists are reportedly effective in suppressing the progress of multiple diseases, including hepatocellular carcinoma [@B6], metabolic syndrome [@B7], neurodegeneration [@B8], Parkinson\'s disease [@B9], and breast cancer [@B10]. Moreover, some researchers have reported RXR involvement in leukemia treatment, and it regulated genes involved in myeloid differentiation [@B11]-[@B15]. LG268, the pure RXR agonist, is specific for RXR, and shows no appreciable binding to retinoic acid receptors [@B16]. LG268 participates in many cancer prevention and treatment processes. For example, rexinoid LG268 effectively prevented the development of both malignant and premalignant mammary lesions in MMTV-ErbB2 mice [@B17] and suppressed lung carcinogenesis in A/J mice [@B18]. Furthermore, it was reported that LG268 increased apoptosis and necrosis in the inner cell mass (undifferentiated cells) of bovine embryos, whereas ATRA had no effect [@B19]. Indeed, because of its highly specific binding to RXR, LG268 has been reported to execute an apoptotic program in rats without undesirable toxicity [@B20]. However, studies of the effect LG268 on APL are rarely.

In this study, we used NB4 cells, an APL cell line, to examine the effects of LG268 on cell biological properties. We found that LG268 affected NB4 cell proliferation and apoptosis. Our observations suggest that LG268 could provide a new therapeutic approach for the treatment of APL.

Materials and Methods
=====================

Materials
---------

LG100268 was purchased from Sigma (St Louis, MO, USA). The antibodiy against p-p38 MAPK was purchased from Millipore (USA). Antibodies against p38 MAPK, PARP, ERK, p-ERK, and c-Myc were from Cell Signaling Technology (USA), Antibodies against Survivin and cyclinD1 were from Wanleibio (China). Goat anti-rabbit antibody, goat anti-mouse antibody and anti-β-actin antibody were purchased from Zhongshan Goldenbrige Biotechnology (China).

Cell culture
------------

NB4 cells (Institutes for Biological Sciences, Shanghai, China) were cultured in RPMI 1640 (Gibco Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (Gibco Life Technologies) supplemented with penicillin (100 units/mL) and streptomycin (100 mg/mL) at 37 °C in an environment containing 5% CO~2~. The complete medium was refreshed daily.

CCK-8 assay
-----------

The cells were seeded into 96‑well plates (1×10^4^cells/well), and 10 μL CCK‑8 (7Sea Cell Counting Kit; Sevenseas Futai Biotechnology Co., Ltd., Shanghai, China) was added to each well. After incubating 2 h, the absorbance of each well was measured at 450 nm using a spectrophotometer (Bio‑Rad Laboratories, Inc). The experiment was repeated three times.

Colony forming assay
--------------------

NB4 cells were exposed to LG268 or DMSO for 48h. Then, cells were plated in 24-well plates in methylcellulose medium in triplicate. The numbers of colonies were determined following incubation for 14 days at 37 °C and 5 % CO2.

Flow cytometric assay
---------------------

Cells were washed using PBS. And the cell pellets were resuspended and stained with annexin V-FITC and propidium iodide (PI) (Sigma‑Aldrich). The rate of cell apoptosis was analyzed using a FACsorter (BD Biosciences, San Jose, CA, USA) after incubating 15 min at room temperature. For cell cycle detection, cells were fixed with precooled 70% ethanol overnight at -20°C. After centrifugation, the cells were resuspended with RNase solution in a 37°C water bath for 30 min. Then propidium iodide staining solution was added and incubated for 30 min in the dark at room temperature. The cell cycle distribution was determined using a FACsorter.

Western blot analysis
---------------------

Cells were lysed in radioimmunoprecipitation solution containing protease inhibitor phenylmethanesulfonyl fluoride (PMSF), phosphatase inhibitor NaF and Na3VO3. The protein concentration was quantified using the BCA method. Equal amounts of extracted total protein (30 μg) were separated by 10% sodium dodecyl sulfate‑polyacrylamide gel electrophoresis, and subsequently transferred onto polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). The membrane was blocked with 5% skim milk for 2 h at room temperature and then incubated with the primary antibodies (1:500) overnight at 4°C.The membranes were then incubated with goat anti‑rabbit and goat anti‑mouse secondary antibodies (1:4000) for 1 h at 37°C. After washing with Tris‑buffered saline containing Tween‑20 (TBST), the immunoreactive complexes were visualized using an enhanced chemiluminescence system. β‑actin was used as the internal positive control.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Experimental results are presented as the mean ± standard deviation. An independent samples t‑test was used to compare the results of two groups. Statistical analysis of western blot results was performed using analysis of variance (ANOVA). P \< 0.05 was considered a statistically significant. Each experiment was repeated at least three times.

Results
=======

Growth effects of LG268
-----------------------

The effect of LG268 on the viability of NB4 cells was evaluated by CCK-8 assay. Treatment with different concentrations (0-6 μM) of LG268 for 48 h resulted in a dose-dependent reduction in cellular viability (Fig. [1](#F1){ref-type="fig"}A). Based on these observations, 2 μM LG268 was chosen for the cloning assay. Exposure to 2 μM LG268 significantly inhibited the colony-forming capacity of NB4 cells compared with DMSO treatment (*P*\< 0.05) (Fig. [1](#F1){ref-type="fig"}B).

Cell cycle analysis
-------------------

The cytotoxic effects of LG268 on NB4 cells were further confirmed by cell cycle analysis. Compared to the negative control, LG268 dramatically increased the percentage of cells in the G0/G1 phase from 47.26% to 80.44% (Fig. [2](#F2){ref-type="fig"}A).

Next, we measured the expression levels of several cell -cycle-related proteins by western blotting. LG268 treatment greatly decreased the protein levels of cyclin D1 and c-Myc (Fig. [2](#F2){ref-type="fig"}B). These data provided strong evidence that LG268 inhibits proliferation of NB4 cells by inducing G0/G1 phase cell-cycle arrest.

Effect of LG268 on apoptosis of NB4 cells
-----------------------------------------

To test whether LG268 affected NB4 cell apoptosis, we evaluated the intensity of apoptosis by Annexin V-FITC and PI staining and flow cytometry. Cellular apoptosis was significantly increased in the LG268-treated groups relative to the negative control groups (Fig. [3](#F3){ref-type="fig"}A). Treatment of NB4 cells with LG268 for 48 h induced higher levels of apoptosis than treatment for 24 h. These results indicated that LG268 could promote apoptosis in NB4 cells in a time-dependent manner.

To further assess the apoptotic effects of LG268 treatment on NB4 cells, we examined the expression levels of the apoptosis regulatory proteins Survivin and cleaved poly-(adenosine diphosphate-ribose) polymerase (PARP). The level of Survivin protein was notably downregulated with LG268 treatment (Fig. [3](#F3){ref-type="fig"}B). Consistently, cleaved PARP was observed in the LG268 treatment group but not in the control group (Fig. [3](#F3){ref-type="fig"}B).

Effect of LG268 on multiple signaling molecules in NB4 cells
------------------------------------------------------------

To investigate the molecular mechanism of LG268 on NB4 cells, we measured the phosphorylation levels of ERK and p38 MAPK by immunoblot analysis of whole cell lysates extracted from LG268-treated cells. Fig. [4](#F4){ref-type="fig"} shows that 3 μM LG268 significantly decreased the level of phosphorylated ERK, whereas it increased the phosphorylation level of p38 MAPK.

Discussion
==========

APL is a malignancy that is highly curable using targeted therapies [@B21]. ATRA and ATO lead to complete remission in most patients with APL, but a large proportion of patients eventually experience a relapse [@B22]-[@B24]. Therefore, novel agents are necessary to improve the outcomes for patients with APL. This study investigated the effects of LG268, the pure RXR agonist, on an APL cell line. Our CCK-8 assay showed that, NB4 cell proliferation was inhibited by 3 μM LG268 in a dose-dependent manner. Because treatment with 3 µM LG268 resulted in very few colonies, we applied 2 µM LG268 for the colony-forming assay, which confirmed that LG268 could suppress NB4 cell proliferation.

As a general transcription factor, the c-Myc oncoprotein regulates the expression of a large number of genes involved in the cell cycle, apoptosis, and differentiation [@B25]-[@B26]. In normal cells, inhibition of c-Myc invariably results in a G0/G1 cell cycle arrest [@B27]. In contrast, tumor cells expressing c-Myc-shRNAs display several distinct types of cell cycle arrest [@B28]. Cyclin D1 is closely associated with the proliferation of cancer cells, and it has an important role in the G1/S-phase transition, which may promote the occurrence of tumors [@B29]-[@B30]. In this study, we found that LG268 treatment remarkably reduced the expression of c-Myc and cyclin D1, which may subsequently arrest the cell cycle at the G0/G1 phase. These data provided strong evidence that LG268 inhibits proliferation of NB4 cells by inducing G0/G1-phase cell-cycle arrest. Apoptosis can occur before the first mitosis (early apoptosis) or as the last step of mitotic catastrophe (late apoptosis) [@B31]. In the early stage, changes in the cellular membrane leading to phosphatidylserine eversion, and chromatin condensation, DNA breaks, and apoptotic body formation appear in the mid-late stage. LG268 mostly promoted late apoptosis of NB4 cells, as detected by flow cytometry. Survivin is a critical inhibitor of apoptosis-inducing proteins that is up-regulated in many cancers and considered a critical target for cancer therapy [@B32]. Previous studies associated high expression of Survivin with aggressive disease status and predicted poor clinical outcomes in AML [@B33]-[@B36]. We found that LG268 inhibited the expression of Survivin in NB4 cells, which suggests that Survivin could be the therapeutic target of LG268 for APL. Accordingly, cleavage of the caspase-3 target, PARP, was only observed in LG268-treated NB4 cells. PARP activation inhibits PI3K/Akt pathway and consequently inhibits cell apoptosis [@B37]; thus, increased expression levels of cleaved PARP may promote cell apoptosis.

Our study demonstrated that the level of phosphorylated ERK1/2 was reduced after LG268 treatment, which suggests that LG268 blocked MEK/ERK signaling in APL cells. Previous studies indicated that blast cells from most cases of AML, including APL, showed constitutive activation of ERK 1/2 [@B38]. The MEK/ERK pathway possesses anti-apoptotic functions and has profound effects on the growth regulation of malignant hematopoietic cells [@B39]-[@B40]. Moreover, it was reported that the inhibition of MEK activation reduced PML/RARa expression in both NB4 cells and primary APL blast cells [@B41]. These findings indicated that MEK/ERK signaling might play a role in LG268-induced cytotoxicity and apoptosis. p38 MAPK regulates cell proliferation, differentiation, apoptosis, and senescence [@B42]-[@B43], and the levels of phosphorylated p38 are lower in CD34+/CD38- AML cells than in normal hematopoietic stem cells [@B44]. In this study, LG268 induced the phosphorylation of p38 MAPK, which suggested that the observed apoptotic changes might depend on p38 MAPK signaling.

Previous studies reported that LG268 induces myeloid maturation of AML cell lines [@B45]; however, we failed to detect any changes in the myelomonocytic markers CD11b and CEBPβ between the control group and LG268 treatment group (data not shown). This differential outcome might arise from the different concentration or treatment duration employed, different cell status or other experimental differences.

In conclusion, the present study indicates that LG268 could inhibit growth of NB4 cells by inducing apoptosis and cell -cycle arrest. LG268 treatment inhibited the expression of c-Myc, cyclin D1, and Survivin, and resulted in PARP cleavage in NB4 cells. Given the increased phosphorylation level of p38 MAPK and the decreased phosphorylation levels of ERK, we suggest that the MEK/ERK and p38 MAPK pathways may be involved in the pathogenesis of APL through their effects on proliferation and apoptosis. Thus, LG268 might be a useful candidate for chemotherapy against APL.
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![LG268 inhibited the proliferation of NB4 cells. (A) Cytotoxicity was detected by CCK-8 assay. Data are expressed as means ± SD. (B) The in vitro colony-forming ability of NB4 cells was examined in the absence or presence of 2 μM LG268. \**P* \< 0.05.](ijmsv13p0517g001){#F1}

![LG268 induced G0/G1 arrest in NB4 cells. NB4 cells were treated with 3 μM LG268 for 48 h. (A) Cells were harvested for analysis of cell cycle distribution by flow cytometry. (B) Effect of LG268 on the expression of c-Myc and cyclin D1 determined by western blot analysis. Quantitative analysis was performed by measuring the relative expression level of c-Myc and cyclin D1 to that of β-Actin. Data are expressed as means ± SD. \**P* \< 0.05.](ijmsv13p0517g002){#F2}

![LG268 induced apoptosis of NB4 cells. (A) Cells were treated with LG268 for 24 h or 48 h, and apoptosis was analyzed by flow cytometry using double staining with FITC-labeled annexin-V and propidium iodide. Cells undergoing early apoptosis are Annexin V-FITC^+^/PI^-^ , whereas cells undergoing late apoptosis are Annexin V-FITC^+^/PI^+^. The percentages of late and early apoptotic cells were summed to give the total number of apoptotic cells. (B) Cells were treated with LG268 for 48 h, and the effect of LG268 on the expression of cleaved-PARP and Survivin were determined by western blot analysis. Quantitative analysis was performed by measuring the relative expression level of cleaved-PARP and Survivin to β-Actin. Data are expressed as means ± SD. \**P*\< 0.05.](ijmsv13p0517g003){#F3}

![LG268 affected multiple signaling molecules. Western blot analysis was used to measure the expressions of phosphorylated ERK and p38 MAPK. Quantitative analysis was performed by measuring the relative expression level of p-p38 to p38 or p-ERK to ERK. Data are expressed as means ± SD. \**P*\< 0.05.](ijmsv13p0517g004){#F4}
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